INTRODUCTION
Antibiotics are recognized and selected because of their inhibitory effects on the proliferation or activity of microorganisms. Only relatively recently have their effects on plant growth been studied, mostly in connection with the search for compounds which might be employed to suppress invading plant pathogens (l-5). In such cases the antibiotic should control the pathogen without adversely affecting the host plant. Various antibiotics, however, have been found to be inhibitory or inimical to plant growth (2, &lo) .
The experiments reported herein arose from a desire to suppress microbial development on root surfaces in cation-uptake studies. Ordinarily in such work no attempt is made to establish or maintain sterile conditions. Bacterial counts, which will be reported elsewhere, indicated that in young root cultures organisms are present both at large in the medium and on the root surfaces in great numbers. This fact is ordinarily ignored in the reporting or interpretation of uptake studies. Of a number of antibiotics tested to control microbial development in root cultures, none were found to be entirely satisfactory, but several were observed to affect adversely root growth and function at levels which indicated substantial physiological potency. Polymyxin is in this class. Its effect on roots was examined further in the hope that thereby some light might be thrown on its mode of action.
The antibiotic, polymyxin, produced by the organism Bacillus polymyxa, is active in the suppression of gram-negative bacteria (11, 12) . It is believed to be a basic cyclic polypeptide with mol. wt. about 1200. 
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Several polymyxins have been recognized from different strains of the organism. All contain a C9 saturated fatty acid, believed to be 6-methyloctanoic acid, and either three or four of the following amino acids: cw,ydiaminobutyric acid, leucine, phenylalanine, threonine, and serine (13, 14) . The following studies were carried out with polymyxin B, which contains the first four amino acids listed. I am indebted to Dr. L. G. Nickell, Chas. Pfizer and Co., Brooklyn, New York, for supplies of this material.
EXPERIMENTAL
In this paper the growth effects recorded are mostly based on dry matter differences in the roots of young barley seedlings var. Moore or var. Atlas. Lots of 8 g. of seed were soaked for 24 hr. in cheesecloth bags just submerged in vigorously aerated water. The seed was then transferred and spread uniformly on 5-in. circles of polyvinylidene chloride (Saran) screen cloth suspended over cylindrical plastic containers with a volume of 1506 ml. in which any nutrients or compounds under test were placed. The culture was aerated gently through a Pyrex fritted gasdispersion tube, and maintained at 25" in darkness for 5 days. At this time the roots were cut off immediately below the screen cloth, and dried at 86" overnight. The experimental system involved only the conversion of reserve material from the endosperm to roots. Reproducible results are readily obtained if the seed batch has high percentage germination and is vigorous and uniform in growth rate.
Moore barley under these conditions has a small absolute requirement for calcium, without which the dry weight of roots at 6 days is significantly lower. This requirement may be met by 1 X 1OV IV CaSOl or by the addition of an exchangeable calcium source, such as Amberlite IRC-56 (Ca), Amberlite IR-120 (Ca), calcium bentonite, or calcium kaolinite. Though excellent growth was obtained with the clays, it was difficult to remove them entirely from the root surfaces, and for most experimental purposes Amberlite IRC-50 (Ca) was preferred. Two hundred and fifty milligrams of the latter was used in many experiments as the calcium supplement.
At this calcium level, or in the absence of added calcium, root growth of barley seedlings was almost completely inhibited by polymyxin concentrations of 10 p.p.m. or more (1W6 M approx.), although shoot growth of normal appearance was obtained. The concentration causing 50% inhibition of roots was somewhat above 5 p.p.m., usually in the neighborhood of 6 p.p.m. Roots in such cultures were less numerous, shorter, and abnormal. The root tip was brownish, and frequently hooked. There seemed to be a tendency to break off about x in. back from the tip. Some material sloughed off and became dispersed in the medium. In such cultures the top growth was in no way distinguishable from normal in appearance or height (10-12 cm.). Root growth was clearly far more sensitive to polymyxin than shoot growth. Typical yields are given in Table I . The inhibitory effect of 5 p.p.m. polymyxin was found to be repressed if the initial concentration of calcium in the culture was greater than 1 X Wa M , and was almost completely annulled with 1 X lO+ M CaSOc. Root weights at various levels of calcium, with and without polymyxin, are plotted in Fig. 1 . Concentrations of CaSOl in excess of 2.5 X W3 M caused some growth repression without polymyxin. It is to be noted that in these experiments the solutions were not buffered and the final pH was below 5.0 in almost all cases.
It was next ascertained that there was a relationship between polymyxin concentration and the calcium reversal of the growth repression caused by the antibiotic (Table II) . This was investigated further at 7.5 p.p.m. polymyxin concentration with a series of levels of calcium (Table III) . When plotted, these data indicate a break in the yield curve between 4 and 5 X 10-sM , indicating that some point of equivalence is reached in this region. The break is not sharp enough to establish the "neutralization concentration" unequivocally, but it would appear that the inhibiting effect of 11.25 mg. polymyxin was offset in these experiments by approximately 300 mg. Ca (1 mole CaD.5 g. polymyxin). No other bivalent cation'studied was capable of reversing the inhibitory activity of the polymyxin within those limits of salt concentration that permitted normal root growth (Table IV) . Similarly, neither sodium nor potassium in physiologically tolerated concentrations offsets the action of this antibiotic. Simple mixtures of other bivalent cations with calcium yielded inconsistent results, but in general the yields obtained were not much greater than with calcium alone, except when the calcium concentration was already almost high enough to offset the polymyxin inhibition (Table V) . The addition of twice the mole concentration of sodium citrate did not depress the calcium reversal of polymyxin inhibi- Root growth in other species, such as corn, cucumber, and soybean, is also repressed by polymyxin; the repression similarly can be reversed by 1 X W2AC calcium (Table VI) .
In all the experiments reported above, the barley was soaked for 24 hr. in water before transfer to polymyxin or salt solutions. Neither the response to polymyxin nor its reversal by calcium was much altered by treating the seeds for an initial period of 24 hr. with 5 p.p.m. polymyxin (Table VII) . Moreover, if transferred from polymyxin at the end of 2 Seeds were germinated 24 hr., transferred to culture vessels in water for 48 hr., treated with polymyxin by immersion at 25", washed by dipping in several changes of water, and placed in salt solution or water for a further period of 72 hr. Where no polymyxin treatment was given, the roots were put through the same handling operations in water. days, and treated for the remaining 3 days in a calcium solution, the growth was not significantly different than if maintained in polymyxin for the whole period. These data indicated that the initial stages of germination are not particularly sensitive to polymyxin, and that root growth did not immediately return to the normal rate when the polymyxin was withdrawn. The latter observation suggested that in the'presence of polymyxin the roots that develop are abnormal, or that polymyxin exposure may cause serious root injury. This was investigated in root-dipping experiments.
It was first established that brief exposure to 5 p.p.m. polymyxin did not appear to affect subsequent root growth, but that if the concentration of antibiotic was increased to 100 p.p.m. subsequent dry-matter yields were reduced (Table VIII) . In such experiments 3-day-old roots were dipped briefly in polymyxin, washed thoroughly by dipping in several changes of water, and then returned to the appropriate solution, water or salt, for a further period of 3 days.
It will be noted that if placed in L X 1W2 M CaS04 following 100 p.p.m. polymyxin exposure, the barley seedlings developed slightly heavier roots than if subsequently grown in water. The calcium treatment did not, however, neutralize or offset completely the effect of polymyxin exposure. Brief treatment with calcium following polymyxin exposure was less effective than continued treatment. High calcium roots (roots grown in 1 X 1O-2 M Ca) did not differ from low calcium roots in their response to 1 hr. exposure to 100 p.p.m. polymyxin (Table IX) . It was observed that the polymyxin solution in which roots were dipped became slightly cloudy or opalescent, and the question therefore arose as to whether some root constituents might not be lost as a result of exposure to polymyxin. Normal roots were obtained by growth in the presence of 0.25 g. Amberlite IRC-50 (Ca) a Roots from 8 g. seed, air-dry, dipped in 300 ml. polymyxin. X). Not merely was there some loss of weight as a result of the short polymyxin dip, but subsequent growth was halted, and indeed a further loss of weight occurred, presumably by leakage into the culture solution.
This was investigated further in a series of experiments in which normal 6-day roots were dipped in 100 p.p.m. polymyxin for 1 hr. at 25" and, after washing, transferred either to water, 2.5 X 1O-3 M KCl, or 2.5 X 10-a M CaSOd . A control series was handled inan identical manner but dipped only in water prior to transfer to water or salt solution. It was found that all polymyxin-treated roots lost weight as a result of the treatment, and at 7 days weighed only W-85 % of the 6-day weight, whereas those not polymyxin-treated gained 15-25 % in the seventh day. In the water series, for example, there was a net loss of 134 mg. from roots weighing 678 mg. prior to polymyxin exposure. Transfer to KC1 or CaS04 solutions following polymyxin treatment did not appreciably reduce the weight loss. However, if roots were dipped in a solution containing both 100 p.p.m. and lo-2 ill calcium sulfate, no loss in weight was observed. Twenty-four hours later, roots exposed to such a mixture were almost identical in weight to those treated only with 1O-2 M calcium sulfate. The simultaneous presence of the calcium ion, therefore, protected the roots against polymyxin injury, as was demonstrated under somewhat different conditions in Fig. 1 .
Both organic and inorganic constituents were lost as a result of the antibiotic treatment. The ash constituents made up only a small part of the total loss (Table X) . High-salt roots, that is, roots grown in the presence of 2.5 x 10-2 M CaSO* or 1 X 1O-s M KCl, did not react differently in this respect from the low-salt roots grown in cultures containing only the Amberlite resin IRC-50 (Ca) as calcium supplement.
Spectrographic analysis showed that some cations passed into the polymyxin dip solution (Table XI) , and root analysis confirmed the fact that these losses continued into the wash water or subsequent culture medium (Table XII) . Twenty-four hours after polymyxin exposure, roots contained both lower percentages and lower absolute amounts of the three major cations, Ca, K, and Na. Such cation losses were prevented if calcium was present concurrently (Table XIII) .
Further, as a result of brief exposure to 100 p.p.m. polymyxin, roots lost their capacity for cation uptake at the usual rate. Data in Table  XIV show again that the root weight 24 hr. after polymyxin treatment was considerably less than before treatment, and that if placed in calcium or potassium salt solutions for a further 24-hr. period, there was not significantly more growth or less loss than if placed in water. However, the ash contents of roots placed in salt solutions did not fall as low as if returned to water, though still far below that of normal roots placed in the same solutions. The substantial K uptake which would be expected of normal roots placed for 24 hr. in 2.5 X 1O-3 M KC1 was almost completely prevented by the brief polymyxin exposure. This, however, was not the case with calcium, for polymyxin-treated roots placed in calcium sulfate reached the same calcium level as normal roots. It should be noted that transfer to salt solution does appear to reduce the loss of ash constituents by amounts far greater than could be accounted for by uptake of the particular cation of the salt solution, calcium in this respect being more effective than potassium.
Attempts were made to follow any changes in concentration in the polymyxin solution used for root dipping. Polymyxin is a strongly basic substance which might be bound at cation-retaining sites on the root surface. In the absence of a specific method, recourse was had to a modification of the calorimetric ninhydrin procedure of Troll and Cannan (15) as was used for polymyxin by Newton (16) , but which is, of course, not specific. Almost all of these 'analyses provided no information on possible polymyxin binding, because the apparent polymyxin content of the dip solutions was substantially increased, no doubt due to the loss of ninhydrin-reacting material from the roots (Table XV) . This was supported by micro-Kjeldahl determinations on the polymyxin solution used for root dipping, which similarly increased in nitrogen. Worthy of notice, however, is the observation that the apparent polymyxin content of the solutions used to treat high-salt roots was not increased, suggesting that losses of ninhydrin-reacting material were smaller from such seedlings .
Evidence of polymyxin binding to roots was obtained in some parallel experiments at 3" using sterile bean roots dipped for 10 min. in 100 p.p.m. polymyxin. The polymyxin concentration, as measured by the ninhydrin method, was reduced by 44 %. Roots weighing 412 mg. when dry adsorbed 3.3 mg. polymyxin. Longer exposure or exposure at 25' resulted 2 . Absorption spectra of dip or wash solutions obtained in treating roots of corn seedlings (var. Mich. 480). Eight-day roots at 25" from 16 g. corn treated with 100 ml. polymyxin, 100 p.p.m. at 25" for 1 hr. with gentle shaking. Roots then washed with 250 ml. distilled water and placed in 100 ml. distilled water at 25" for 4 hr.
Upper pair of curves represents the polymyxin dip solution and the 4-hr. water wash liquid.
Lower pair of curves represents liquors obtained by performing the above sequence with water only.
in an increase in the apparent polymyxin content because of release of ninhydrin-reacting constituents. In view of the quantitative evidence for loss of root constituents into the polymyxin dip solution and into other solutions in which the roots were subsequently placed, these solutions were examined in an ultraviolet spectrophotometer.
The presence of material absorbing strongly at wavelengths less than 280-290 ml.c was evident. Roots from corn or oats seedlings were excised, washed, and spun gently in a basket centrifuge before treatment for 1 hr. with 100 p.p.m. polymyxin. After gentle washing these same roots were placed in water for a further period of 4 hr. The polymyxin dip solution and the 4-hr. water wash liquid were examined in the spectrophotometer after centrifuging to remove any particulate material. Because the mechanical handling involved in these operations might have caused some tissue injury, identical batches of roots were put through the same sequence in mater only, and the corresponding treatment liquids were also examined. It was apparent that considerable amounts of substances absorbing strongly in the ultraviolet below 280 rnp were present in the polymyxin solution in which corn, barley, or oats roots were placed, and that, after washing, these same roots continued to lose absorbing substances to water in which they were suspended. In the case of corn, at least, the peak absorption appeared to be at approximately 270 rnp. (Fig. 2) . Because excised roots were used, there was a small amount of absorption in the corresponding liquors obtained by carrying out the same operations with water only. The simultaneous presentation of calcium and polymyxin prevented the appearance in the dip solution of material absorbing strongly at wavelengths below 290 rnp (Fig. 3) .
Parallel dipping experiments were carried out at 3" but essentially similar results were obtained, though smaller quantitatively, Roots at 3" lost material absorbing below 290 rnp and if subsequently transferred to water at 3" continued to lose material having a similar absorption spectrum.
DISCUSSION
These studies demonstrate that polymyxin has profound effects on plant root growth and root properties. This compound inhibited root development of seedlings at concentrations of 5-10 p.p.m. Brief exposure of normal roots to higher concentrations, such as 50-100 p.p.m., resulted in suppression of further growth, and weight loss due to the release of cell constituents into the medium. The inhibitory effect of low concentrations was reversed in the presence of calcium, and in some degree also by other bivalent cations. The damaging effect of brief treatment with higher concentrations was similarly annulled in the presence of calcium. These observations on the action of polymyxin B on plant roots parallel to a remarkable degree those made quite independently on bacteria with polymyxin E. For example, growth of Pseudomonas aeruginosa, Pseudomonas denitrijkans, Bacillus subtilis, Escherichia coli, and Micrococcus lgsodeikticus was inhibited at a level of 5 p.p.m. (17, 18) . Release of cellular material occurred when washed suspensions of these organisms were treated with 50 p.p.m. polymyxin at 25" for 20 min., and maximum release took place under these conditions with solutions of 100-200 p.p.m. (18) . The material released from bacterial cells absorbed strongly at 260 rng (17) . The bactericidal effect at low polymyxin concentrations could be nullified, and the release of cell constituents at higher concentrations prevented, by 0.0925 M Mg and other bivalent cations (16, 19) . Rapid absorption of polymyxin by washed cells or cell-wall fragments was demonstrated, using a Langmuir-Adam surface balance (18, 20) . These findings led Newton (17) and Few and Schulman (18) to con-elude that the bactericidal activity of this antibiotic is due to its ability to combine with certain groupings on the cell surface, thereby causing disorganization of the membrane, or those structures therein responsible for the maintenance of osmotic equilibrium.
They drew attention to similarities between this antibiotic and certain cationic detergents which also cause release of cell constituents into the medium (21) .
In the earlier phases of this work with barley roots, the possibility of formation of a polymyxin-calcium complex was considered, particularly since early growth of the barley seedling is affected by the calcium supply. However, this theory was rejected after determination of the high calcium levels necessary to exert a protective effect in the presence of polymyxin. Instead, it appears probable that calcium and polymyxin are retained at the same absorption sites on the roots, and that to prevent polymyxin absorption a large excess of calcium is required. The root data are not sufficient to establish whether calcium is the only bivalent cation which can wholly offset polymyxin absorption. It was, however, the only cation, bivalent or univalent, found effective in the range of salt concentrations which barley roots tolerate. As soon as the polymyxin molecule is bound to absorption sites on the roots, root behavior is changed. Inorganic and organic cell components are released into the medium and the root no longer has capacity for cation uptake. These responses could not be prevented by subsequent immersion in calcium or other salt solutions, though the losses of cations and organic constituents were somewhat reduced thereby. Ninhydrin-reacting material appeared both in the polymyxin dip solutions and in aqueous media to which polymyxinexposed roots were transferred. The high absorption shown under 290 rn/* is suggestive of purine and pyrimidine structures.
One noteworthy difference between the behavior of polymyxin-treated roots and bacterial cells is that if the treatment is carried out at 3", cellular constituents are released from roots though at a lower rate than at 25", whereas from Ps. aeruginosa cells at 2' no leakage of cell contents occurs, which latter observation led Newton (17) to postulate participation of an enzyme in the leakage phenomenon.
The response of plant roots to polymyxin exposure depends on direct contact with the antibiotic in solution, and irreversible injury and loss of solutes from the cells occurs only in the zone of exposure. If in the rhizosphere population that densely envelopes root surfaces in soils there are organisms which produce substances having the properties of polymyxin, roots may undergo localized injury, and energy sources for the rhizosphere organisms may be released and supplement those which may be lost from the roots if they are exposed t'o wide fluctuations in moisture supply (22). ACKNOWLEDGMENTS I wish to acknowledge the able assistance given by J. N. Yeatman, M. Hlady, and L. C. Vander Beek in many of the experiments reported herein.
SUMMARY
Root growth of young seedlings of barley and other species was substantially inhibited when placed in 5-10 p.p.m. solutions of the antibiotic, polymyxin B. The inhibiting effect was suppressed by simultaneous presentation of an excess of calcium ions. Polymyxin solutions of the same concentration had no adverse effect on germination. Brief exposure of normal roots of seedlings to 50-100 p.p.m. polymyxin resulted in cessation of further growth or cation uptake, and irreversible injury accompanied by loss of organic and inorganic constituents from the root cells. Simultaneous presentation of calcium nullified these effects. It appears likely that calcium and polymyxin are retained at the same absorption sites, and that to prevent polymyxin absorption a large excess of calcium cations is required. If absorbed, however, polymyxin causes disorganization of cell membranes to the extent that cell contents are released into the medium. These observations parallel closely the bactericidal action of this antibiotic on certain microorganisms, and suggest that there are general features common to the cell walls of roots and bacteria.
